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ABSTRACT 

While the high-entropy wind (HEW) of Type II supernovae remains one of the 
more promising sites for the rapid neutron-capture (r-) process, hydrodynamic 
simulations have yet to reproduce the astrophysical conditions under which the 
latter occurs. We have performed large-scale network calculations within an ex- 
tended parameter range of the HEW, seeking to identify or to constrain the nec- 
essary conditions for a full reproduction of all r-process residuals N T . )0 =N -N SjQ 
by comparing the results with recent astronomical observations. A superposition 
of weighted entropy trajectories results in an excellent reproduction of the overall 
N r ©-pattern beyond Sn. For the lighter elements, from the Fe-group via Sr-Y- 
Zr to Ag, our HEW calculations indicate a transition from the need for clearly 
different sources (conditions/sites) to a possible co-production with r-process el- 
ements, provided that a range of entropies are contributing. This explains recent 
halo-star observations of a clear non-correlation of Zn and Ge and a weak cor- 
relation of Sr - Zr with heavier r-process elements. Moreover, new observational 
data on Ru and Pd seem to confirm also a partial correlation with Sr as well as 
the main r-process elements (e.g. Eu). 
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Subject headings: nuclear reactions, nucleosynthesis, abundances — stars: abun- 
dances — stars: Population II 



1. INTRODUCTION 



A rapid neutron-capture process (r-process) is traditionally bel ieved to be responsi 
ble for the synt hesis of about half of the heavy elements above Fe ( iBurbidge et al.l 11957 
Cameron 1119571 ). The astrophysical site in which this mechanism operates is, however, still 
uncertain. For this reason, a model-independent approach, i.e. the class i cal "waiting-point" 



appro x imatio n, has been utilized for many years (see, e.g., I Cowan et al.l (ll99ll ); iKratz et al. 
( 119931 . l2007al )). This simple model has helped to gain increased insight into the system- 
atics of the r-process: e.g. its dep endence on nuclear-physics input a nd its sensitivity to 



astrophysical conditions (see, e.g., iPfeiffer et al.l (120011 ): IKratz et al.l (l2007bl )). In realis- 



tic explosive scenarios, the necessary conditions for high neutron-to-seed ratios (Y n /Y see( i) 
can only be obtained in very neutron-rich low-entropy (S) environments, related e.g., to 
neutron-star ejecta from neutron-star mergers (NSM), or in moderately neutron- rich high-S 
scenarios, such as the high-entropy wind (HEW) of core collapse (Type II) supernovae (SNe 
II). As observati ons of heavy element ab u ndance patterns in meta l-poor stars in the early 



Galaxy (see, e. q. JSneden fe Cowanl (120031 ): ICowan fe Sneden I (^OOffl) an d galactic chemical- 



evolution considerations both seem to disfavor NSM (lArgast et al.ll2004j ). we will focus here 
on the HEW scenario. Moreover, since even the most recent hydrodynamical simulations 
encounter problems in the time-evolution of the HEW bubble and/or in the attainment of 
sufficiently high entropies, we continue to use parameterized dynamic network calculations 
to explore the dependence on nuclear properties and high light a detailed understanding of 
the HEW nucleosynthesis processing (IFarouqi et al.ll2008al Jbl). 



CALCULATIONS AND RESULTS 



The concept of a HEW arises from considerations of the newly born proto-neutron 
star in core-collapse supernovae. In this scenario, the late neutrinos interact with mat- 
ter of the outermost neu tron-star layer s, lead in g to moderately neutr o n-rich ejecta with 



high en 


copies (see, e. 


(1996 


): 


Hoffman et al. 


Wanajo et al. 


(2006)). 



IWooslev et all (11994T): iTakahashi et al.l (11994T): iQian fe Woosley 
Hoffman et all Jl996l . Il997h : iFreiburghaus et al.l fjl999h : iThompson et all (boOlh : 
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expanding mass zones as previously utilized in lFreiburghaus et al.l (119991 ) . The nucleosynthe- 
sis calculations up to charged-particle freeze-out were performed with the latest Basel code 
(but without including neutrino- nucleon/nucleus interactions). Th e reaction rates were cal- 



culat ed by means of the statistical-model program NON-SMOKER (IRauscher fc Thielemann 



20001 ) . The r-process network code now contains updated experimenta l and theore t ical nu- 



clear physics input on masses and /3-decay properties, as outlined in iKratz et al.l (j2007bl ) 
and used in our ea rlier studies within the site-independent "waiting-point" approximation 
fcratz et al.ll2007ah . 



After charged-particle freeze-out, the expanding, and eventually ejected, mass zones 
have different initial entropies (S~T 3 /p [k^/Baryon]), so that the overall explosion represents 
a superposition of entropies. The ratio of free neutrons to "seed" nuclei (Y n /Y se ed) is a 
function of entropy and, for high S, yields rapid neutron captures which can form the heaviest 
r-process nuclei. Furthermore, the ratio Y n /Y see d is correlated to the three main parameters 
of the HEW, i. e. the electron abundance (Y fi =Z/A), the en tropy (S) and the expansion 
velocity (V exp ) (jHoffman et al.l 1 199 71 : iFreiburghaus et al.lll999l ). We determined the simple 



expression Y n /Y seed = 10 _11 -V ea; p (S/Y e ) 3 , valid in the parameter ranges 0.4<Y e <0.495, 
1500<V eip <30000 and 1<S<350. This ratio Y n /Y seed provides a measure of the strength of 
the r-process. 



In the classical r-process approach, a range of neutron densities (10 20 <n n <10 28 ) is 
necessary to reprodu ce the full distribution of the r-process "residuals" (N n0 =N -N S)0 ; 
Kappeler et aP (jl989h ) up to the Th, U region fcratz et al.lll993l . l2007bl lal). In the HEW, 
at a given Y e and V exp , the entropy (or the correlated Y n /Y see( i ratio) will play this role. 
In the following, we will present selected nucleosynthesis results as a function of entropy (or 
Y n /Y see d) for the (realistic and astrophysically interesting) choices Y e =0.45 and V errp =7500 
km/s - values taken from the much larger parameter space which was analyzed - and compare 
our HEW predictions to recent astronomical observations. 

We first want to identify the abundance distributions that can be produced when uti- 
lizing the above parameter combination. In Fig. 1, we show the abundance correlations of 
a-particles (Y a ), heavy "seed" nuclei (Y see d) and free neutrons (Y ra ) as functions of entropy 
at the freeze out of charged-particle reactions. Over the entire entropy range displayed in this 
figure, most of the matter is locked into a-particles. In contrast to the smooth trend of Y Q , 
the abundance distributions of Y see d and Y n are strongly varying with entropy. For different 
values of Y e and V eX p this behavior is shifted to lower/higher entropies. From the Y see d 
and Y n slopes it becomes evident that the HEW predicts - at least - two clearly different 
nucleosynthesis modes. 
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For the low entropy region (1<S<110), the concentration of free neutrons is negligi- 
ble; hence, the nucleosynthesis in this region is definitely not a classical neutron-capture 
process but rather a charged-particle (a-) process. For higher entropies Y n /Y seed ratios 
are increasing smoothly, resulting for the region 110<S<150 in a neutron-capture compo- 
nent which resembles a classical "weak" r-process. For even higher ent ropies (150<S<300) , 



enough free neutrons are available to yield a classical "main" r-\ 


process (Hoffman et al. 1997: 


Mever & Brown 


1997 




Freiburghaus et al. 


1999: 


Pfeiffer et al. 


2001 


). In Table 1 we show 



the contributions of certain entropy ranges to the production of elements (Z) in percent, 
under the assumption of equal mass contributions per entropy interval for 1<S<300. 



• As can be seen from Table 1, in the lowest entropy range (1<S<50), we obtain a 
"normal" a-rich freeze out, mainly producing stable or near stable isotope s of elem ents 
in the region Fe to Sr (for further details, see Table 1 in iFarouqi et al.l (j2008bl )). It 
should be noted that for varying choices of Y e =0.45-0.49, the classical "s-only" isotopes 



up to Mo or even light "p-nuclei" up to Cd can be produced. 

In the next higher entropy range (50<S<110; column 2 of Table 1), we again find that 
there are not enough free neutrons available to effect a neutron-capture process. Under 
these entropy conditions, however, the seed composition at freeze out is already shifted 
to the neutron-rich side of /5-stability, including /3-delaye d neutron (/3dn) precursor 
isotopes in the 80<A<100 mass region (IPfeiffer et al.ll2002l ). The resulting Yp dn /Y seed 
conditions provide a low neutron-density, s-like environment. 

In the subsequent entropy range (110<S<150), the density of free neutrons (l<Y n /Y seed <10) 
becomes high enough to start a "weak" r-process up to the rising wing of the A~130 
N r Q peak. As shown in the 3 rd column of Table 1, under these conditions substantial 
concentrations of the elements Ru to Ag are produced. 



For high entropies (150<S<300; now with 13<Y n /Y see d <155) the HEW predicts a 
very robust "main" r-process, starting with the N=82 r-process progenitor isotopes of 
Tc to Rh at the onset of the A~130 peak and reaching up to the Th, U actinide region. 



As a function of time, the HEW will eject matter with varying values of S, Y e and V exp . If 
one assumes that equal amounts of ejected material per entropy interval are contributing, the 
sum of the abundance contributions is weighted according to the resulting Y seed as a function 
of entropy. Such a choice yields a SS-like isotopic abundance distribution (N r ca / C ) as displayed 
in Fig. [2] in comparison to the standard r-process "residuals" N r)0 . The N rjCa ; c distribution 
represents a superposition of 15 equidistant S-components in the range 160<S<287. The 
lower limit of S=160 has been chosen to restrict the calculations to representative "main" 
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r-process conditions. Consequently, for this parameter choice no "best fit" to the light region 
below the A~130 peak is anticipated. The upper limit of S=287 has been chosen to ensure 
that fission recycling remains negligible. We note that excellent overall agreement of the 
~N r ,caic distribution with the observed N r pattern is attained from the rising wing of the 
A~130 peak up to the Pb, Bi "spike". 

It is also obvious that this superposition choice is not reproducing abundances from 
the Fe-group to the rising wing of the A~130 peak. There have been a number of sug- 
gestions to fill in this region with a multiplicity of nucleosynthesis processes. As such ele- 
ments are apparently already existing at low metallicities, but are not explainable by the 
traditional metallicity-d ependent (secondary) s-process, a LEPP (light element primary) 



process was invoked 



w 



Travaglio et al.l (120041 ). initially relate d to s-like neutron captures . 



Qian fc Wasserburgi (120071 ). following the initial argument of iHoffman et al.l (119961 . 119971 ). 
consider these elements to be primarily produced due to charged particle reactions (CPR). 

The HEW approach, with different choices of entropy superpositions for S<110 is such 
a charged particle process, for 110<S<150 it also results in small neutron densities. We com- 
pare these predictions with recent astronomical observations of the abundances of elements 
between Cu and Ag, covering the range from "r-process poor" stars lik e HP 1 22563 up to 
"r-process rich" stars like CS 22892-052 (see, e.g., Fig. 3 in lFarouqi et al.l (j2008al )). A crucial 
test would be that at least within a narrow S-range, responsible for neighboring nuclei, the 
observed element ratios should be reproduced. Such a test avoids uncertainties in the choice 
of realistic entropy superpositions. When doing so for the Zn/Ge ratio, where observations 
(jCowan et al.ll2005l ) show a factor beyond 100, our calculations - producing these nuclei for 
S< 50 - would predict a ratio of 5. Thus, the present HEW conditions for Y e - values < 0.5 
disagree by a factor of 25. This disagreement can be avoided, when permitting pro ton-rich 
environments as discussed in the z/p-process ( iFrohlich et al.ll2006l ; iPruet et al.l 120061 ) during 
the very early phases of the neutrino wind, when even proton-rich conditions with Y e >0.5 
are obtained. Such conditions are expected in every core collapse supernova. The conclusion 
which emerges here, is that although both environments involve charged-particle processes, 
the Y e dependence plays a crucial role. An alte rnative is a strong pr imary s-process, occur- 
ring for massive stars at very low metallicities (jPignatari et al.ll2008l ). 



In Fig. 3 we plot the LEPP abundance ratios, log(X/Zr) as a function of atomic number 
in the range 29<Z<50 and compare the observational data with the predictions from two 
different nucleosynthesis approaches: (i) the present HEW superpositions with weights taken 
as in Table 1 and (ii) the classical "waiting-point" model for a range of n n -conditions which 
fit best the low mass region for r-process residuals (permitting also an extended seed com- 
position below Fe). The observed log(X/Zr) pattern shows a decreasing slope with atomic 
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number with a pronounced odd-even Z staggering. From Sr (Z=38) upwards, this trend is 
best reproduced by the HEW (with equal mass superpositions in entropy S). In contrast, the 
high abundances observed for Cu (Z=29) and Zn (Z=30) obviously can not be reproduced by 



any of the models , while proton- rich environments and the i^p-process (jFrohlich et al.l 12006 



Pruet et al.l 120061 ) show the option to do so. At the moment, we only can conclude that 
the major abundance fractions of the elements with Z<38 are not produced together with 
the Z>38 elements. Therefore, these light trans-Fe elements are also not produced under 
the same nucleosynthetic conditions as Eu, and should be uncorrelated with the "main" re- 
process. This result is, indeed, confirmed for Ge a bundances recently obtained from Hubble 
Space Telescope observations (jCowan et al.ll2005l ). 



We now consider t 
large dat a sets from (i) 



re three LEPP neigh bors Sr, Y and Zr, for which two independent 



ii) from IFrancois et al. 



Barklem et al.l (120051 ) and iMashonkina et all (120071 ) (B&M set) and 
(120071 ) exist. These data sets agree very well in showing that the 
abundances of Sr, Y and Zr, viewed as separate elements, are not tightly (but partially) cor- 
related with the (almost pure) "main" r-process element Eu. The elemental abundance ratios 
of log(Sr/Y/Zr) from Galactic halo stars, e.g. as a function of metallicity [Fe/H], r-process 
enrichment [Eu/H] or LEPP enrichment [S r/ H] have been shown t o exhib it a robust, constant 
patter n (see, e.g.. iTrayaglio et al.l (12004 ) ; iQian fe Wasserbura (|2007l) ; IMashonkina et al. 



(120071 ); IFrancois et al.l (120071 )). Early studies (iHoffman et al.l Il996l ) seemed to indicate a 
strong Y e dependence for the light trans-Fe elements (for entropies S<50). We have done 
calculations to predict the elemental ratios in this mass region for a variety of entropies. What 
is noticed is, that for the higher entropies which contribute to this mass range (60<S<110, 
see Table 1) the elemental ratios are converging to the observed ones, as indicated for Sr/Zr 
in the top frame of Fig. 4, but has also been tested for Sr/Y and Y/Zr. For lower en- 
tropies, also contributing to these elements, we see for each Y e a variation as a function 
of entropy, leading on average also to values close to the observed ones. Thus, when inte- 
grated over the relevant S-conditions, these abundances seem to be independent of Y e and 
reproduce the observed abundance ratios very well. This indicates that in a superposition 
over entropies the Sr/Y/Zr elements can be coproduced with the observed abundance ratios 
(see in Fig. 4 - lower two panels - (Sr/Y,Zr) as a function of "r-proces s enrichment" in th e 



range —3.5 <[Eu/H] < —0.5 from the BfcM data set and also data from I Cowan et al 



Francois et al.l ( 


2007 


): 


Hill et al. 


Lai et al. 


J2008): 


Sneden et al. 



2002); lHonda et all (12004 120061 . 120071 ): llvans et al. 



2002 7 , 
Exit; 



The mean values of the observed abundance ratios (log(Sr/Y) = 0.83 ± 0.15 and 
log(Sr/Zr) = 0.09 ± 0.18) are very well reproduced (log(Sr/Y)=0.83 and log(Sr/Zr)=0.13) 
by the low entropy (S<110) charged-particle (a-) component of the HEW, dominating that 
mass range. When comparing the observed data set to HEW predictions, restricted to 
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higher entropies (110<S<280) which lead to a neutron-capture r-process, the resulting ra- 
tios log(Sr/Y)=0.99 and log(Sr/Zr)=— 1.38) indicate that this nucleosynthesis mode is unim- 
portant for that mass range. This is consis tent with the fact t hat the element correlations 
[Zr/Fe] vs. [Eu/Fe] (in analogy to Fig. 6 in I Cowan et al.l (120051 )) clearly show - now for an 
ensemble of 83 halo stars in the range -0.7<[Eu/Fe]<1.7 - that the above LEPP elements 
are not tightly correlated with the r-process indicator Eu. 

We also want to call attention to the recent accumulation of abundance data on the 
two light platinum-group elements ( PGE) Ru (Z=44) an d Pd (Z=46) for the extremes of 
"r-poor" s tars (such as HP 12 2563; iHonda et al.l (120061 )) and "r-rich" stars (such as CS 



22892-052; ISneden et al. I (120031 )). Table 1 indicates that both elements can be co-produced 
in substantial fractions by the charged-particle component (i.e. alpha-freeze-out, together 
with Sr-Zr) and the neutron capture (r-) component together with the nucleosynthesis of 
A=130 peak elements Sn-Te. In halo stars and r-rich but alpha-component-poor stars, 
the mean values of the observations are log(Pd/Sr)=-0.95 and log(Pd/Eu)=0.81. For r- 
poor but alpha-component-rich stars the observed abundance ratios are log(Pd/Sr)=-1.16 
and log(Pd/Eu)=+1.5. This indicates that for the halo and r-rich stars the dominant r- 
component of Pd correlates with Eu, whereas for the r-poor stars the alpha-component of 
Pd dominates and is correlated with Sr. 

The question remains whether the observed Ru/Pd ratios can also be reproduced by 
our HEW superpositions. Fig. 3 indicates a good average trend of the canonical equal mass 
superposition per entropy for Z=44 and 46. Observations in low metallicity stars are scarce, 
log(Ru/Pd) seems to cluster around 0.27±0.05 for normal halo stars (from determinations 



in this study and inllvans et al.l (120061 )) and around 0.39 for two r-rich stars (IHill et al.ll2002 



Sneden et al. 1120031 ) . On the other han d, two stars which show f eatures of the weak r-process 
are reported to have log(Ru/Pd)=0.47 (IHonda et al.ll2007l . 120061 ). although it is worth noting 
that the Pd abundance in these stars was derived from the only Pd I 3404 line. If we analyze 
the predictions obtained from entropy components contributing to the mass region of interest, 
we find a downshift in log(Ru/Pd) by about 0.2 between the entropy regions 100<S<150 and 
150<S<200, i.e. lower Ru/Pd ratios when changing from weak to main r-process sources, 
which is consistent with observations. However, the absolute value is Y e -dependent (with a 
ratio close to 0.5 rather than 0.39 for Y e =0.45 and high entropies). Thus, if the nuclear input 
is sufficiently reliable, future improvements in models and observations could provide further 
insight into the necessary features of the astrophysical site (including Y e -requirements). 
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3. SUMMARY AND CONCLUSIONS 

We have performed large-scale dynamical network calculations in the context of an 
adiabatically expanding high-entropy wind as expected in core-collapse SNe II. We find that 
the correlated parameters that act to determine the strength of the astrophysical r-process, 
reflected in the ratio Y n /Y seed = IQ~ 11 -Y exp (S/Y e ) 3 , show a surprisingly robust picture for 
the production of heavy elements beyond Fe. Our results suggest astrophysical conditions 
for the HEW scenario which reproduce the solar r-abundances quite satisfactorily without 
invoking more exotic nucleosynthesis scenarios or nuclear physics assumptions. 

We also tested how important the HEW scenario is for the light-Z region between 
Cu and Rb. Neither the Cu/Zn/Ge abundance ratios nor the absolute yields observed 
in halo stars can be reproduced in an entropy superposition with Y e <0.5, which clearly 
indicates another nucleosynthesis origin. For Sr to about Mo the dominating production 
is related to low entropies (S<110), where the charged-particle (a-rich) freeze-out results 
in entropy dependent "seed" nuclei smoothly shifting from /3-stability to the neutron-rich 
side. However, the entropy conditions relevant for the respective elements lead to element 
ratios, e.g. Sr/Y/Zr or Ru/Pd which seem consistent with astronomical observations. Rapid 
neutron-capture nucleosynthesis only sets in at higher entropies, where the range 110<S<150 
produces elements up to the rising wing of the A~130 N r)0 peak under "weak" r-process 
conditions, whereas for 150<S<300 a robust "main" r-process between A~120 and the 
actinide region occurs. The HEW with an entropy superposition of equal mass ejecta per 
entropy interval is able to reproduce the overall N r>0 "residuals" beyond Sn, as well as all 
major recent observations from metal-poor halo stars. 

Thus, all heavy elements beyond Sr and their classical r- (residual) abundances can 
potentially be reproduced in entropy superpositions, which for S>60 seem essentially in- 
dependent of Y e (in the range 0.45<Y e <0.49). In the lower entropy range results are 
Y e -dependent, and in addition to r- nuclei also classical "s-only" isotopes as well as p- nuclei 
can be produced in the range 54 Fe up to 106 Cd. These results provide the means to sub- 
stantially revise the abundance estimates of different primary nucleosynthesis processes for 
elements in the historical "weak-s" / "weak-r" process region and to quantify their correlation 
with the "main" r-process. 

To obtain more quantitative answers to questions concerning the astrophysical site of 
the compositions of the LEPP elements between Sr (Z=38) and Cd (Z=48), as well as all 
of the n-capture elements, will require more and higher quality observational data and also 
more realistic values of entropy superpositions derived from hydrodynamical models. 

We thank R. Gallino for helpful discussions. Partial financial support for this research 
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Table 1: HEW-contributions to the production of selected elements (elemental abundance, 
Y(Z) in %) in the Fe to Ag region for different entropy ranges. Column (1): S-range 
f <S<50, normal a-freezeout; column (2): S-range 50<S<lfO, neutron-rich a-freezeout with 
/3dn-recapture; column (3): S-range 110<S<150, "weak" r-process; column (4): S-range 
f50<S<300, "main" r-process. For discussion, see text. 
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Fig. 1. — Abundance distributions (Yj=Xj/Aj, £X$=1) of a-particles, heavy "seed" nuclei 
and free neutrons as function of entropy S at the freezeout of charged-particle reactions at 
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ETFSI-Q, NON-SMOKER rates, ADMC 2003, QRPA(GT+ff) 
V exp = 7500 Km/s, Y e =0.45 and 15 entropy sequences: 160<S<287 kj/Baryon 
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Fig. 2. — Comparison of the N ri0 distribution (data points (jKappeler et al.lll989l )) with 
predicted isotopic abundances (full line) from a weighted superposition of 15 HEW entropy 
components in the range 160<S<287. For further details and discussion, see text. 
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Fig. 3. — Elemental abundance ratios of log(X/Zr) as a function of atomic number Z. The 
observational data in the LEPP region between Cu (Z=29) and Ag (Z=47) for selected halo 
stars are given by different symbols explained in the lower left corner of the figure. These 
data are compared with predictions from two different nucleosynthesis approaches; (i) the 
present HEW model (full line), (ii) the classical "waiting-point" model for a "weak" r-process 
with a low n n -range a solar-like Si - Cr seed composition (dashed line). For discussion, see 
text. 
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Fig. 4. — Top panel: Sr/Zr ratio as predicted from HEW calculations for different values 
of Y e as a function of entropy S. The observed value is shown by gray color band. Bottom 
panels: Elemental abundance ratios of log(Sr/Y,Zr) as a function of r-process enrichment 
[Eu/H] for halo stars in our Galaxy. The observational data with their mean values shown as 
full lines are compared to the abundance predictions of our HEW model (dotted lines, partly 
indistinguishable from the full lines) for the low-S range (1<S<110) of the a-component. 
For discussion and the sources of observational data, see text. 



